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1. Introduction {#s0005}
===============

The COVID-19 outbreak has infected over 3.5 million people and caused over 139,000 fatalities on July 17, 2020 in the United States ([@bb0165]; [@bb0180]). There exist two major routes for spreading the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), namely contact and airborne transmissions ([@bb0075]; [@bb0130]; [@bb0195]). Viral shedding occurs primarily from breathing, talking, coughing, or sneezing by an infected person ([@bb0005]; [@bb0085]; [@bb0150]; [@bb0160]), producing respiratory particles of a variety of sizes: droplets (\> 5 μm) and aerosols (\< 5 μm). Contact transmission involves droplets deposited on a person (direct) or an object (indirect), and airborne transmission involves inhalation of virus-laden droplets or aerosols ([@bb0005]; [@bb0085]; [@bb0150]; [@bb0195]). While transmission via direct or indirect contact occurs in a short distance, airborne transmission via aerosols takes place over an extended distance and time ([@bb0195]). In addition, viral shedding for SARS-CoV-2 varies between symptomatic and asymptomatic carriers. A recent study demonstrated the highest viral load in the upper respiratory tract at the symptom onset, indicating substantial asymptomatic transmission for SARS-CoV-2 ([@bb0055]).

The mechanisms to spread the disease are not fully understood, particularly in terms of the relative contributions of the contact vs airborne transmission routes to the COVID-19 pandemic ([@bb0195]). While contact transmission via respiratory droplets was initially considered as the dominant route in transmitting this virus ([@bb0020]; [@bb0165]; [@bb0030]; [@bb0180]), available epidemiological and experimental evidence has implicated airborne transmission of SARS-CoV-2 via respiratory aerosols as a probable route for the spreading of the disease ([@bb0095]; [@bb0110]; [@bb0120]; [@bb0030]). A recent analysis of the pandemic trends in Wuhan, Italy, and New York City revealed that the airborne transmission route dominated the spread of COVID-19 and face covering significantly shaped the outbreak trends in the three epicenters ([@bb0195]). Currently, the subject on the transmission routes (i.e., contact versus airborne) for SARS-CoV-2 is highly debated among the research communities ([@bb0110]), and the importance in airborne transmission likely differs between outdoor and indoor (especially community indoor) environments ([@bb9000]; [@bb0195]).

Various mitigation measures have been implemented in the U.S. to fight the COVID-19 pandemic, including social distancing, quarantine, isolation, stay-at-home orders, and face covering in public ([@bb0180]; [@bb0165]; [@bb0195]). Ideally, the mitigation measures are designated to intervene the virus transmission and to protect the public against infection. However, the effectiveness of mitigation measures remains uncertain, considerably hindering implementation of these measures to fight the COVID-19 pandemic. Evidence for prevention against transmission of SARS-CoV-2 by face covering has been provided in recent studies ([@bb0025]; [@bb0155]). For example, a study on the association between masking and SARS-CoV-2 positivity among health care workers identified a significantly lower rate of SARS-CoV-2 positivity with universal masking in a health care system ([@bb0175]). Another work tracking 139 clients exposed to two symptomatic hair stylists with confirmed COVID-19 showed no symptomatic secondary cases when both stylists and the clients wore face masks ([@bb0060]).

SARS-CoV-2 is a novel virus with unprecedented transmission efficiency and interventions undertaken. While the appropriate methodology to model the transmission and intervention for a chaotic system such as COVID-19 has yet to be established, available empirical modeling framework for infectious disease dynamics requires scientific validation. Specifically, accurate representation of the large-scale behaviors is essential in modeling the COVID-19 pandemic. On the other hand, mismodeling occurs if the large-scale behaviors of the system are not accurately described, and overly emphasizing on details in the model only creates a false sense of confidence ([@bb0145]).

In this work, we assess the viral transmission and the effectiveness of mitigation measures in the U.S. during the period between March 1 and May 18, 2020. The trends of the cumulative confirmed infections and daily new confirmed cases in the fifteen states heavily plagued by COVID-19, which collectively account for about 78% of the total confirmed infections in the nation, are analyzed (see [Table 1](#t0005){ref-type="table"} ).Table 1COVID-19 pandemic trend and projection of the difference in total infections by face covering in fifteen top-infected states of U.S.Table 1Daily confirmed casesTotal confirmed casesStay-at-home order[a](#tf0005){ref-type="table-fn"}*S*~1~[b](#tf0010){ref-type="table-fn"} (d^−1^)Mandated face covering[a](#tf0005){ref-type="table-fn"}*S*~2~[b](#tf0010){ref-type="table-fn"} (d^−1^)Sub-exp rangeLinear rangeProjected difference[c](#tf0015){ref-type="table-fn"}States without mandated face coveringCA3/19243/8--4/24/3--5/18FL4/3−123/8--4/94/10--5/18GA4/3−43/8--4/54/6--5/18OH3/2473/8--4/24/3--5/18TX4/2113/8--4/104/11--5/18VA3/30153/8--4/114/12--5/18  States with mandated face coveringCT3/24344/21−113/8--4/44/5--4/205835 (15%)MA3/24315/6−703/8--4/84/9--5/513,634 (16%)MI3/242.54/27−133/8--3/273/28--4/268452 (16%)NJ3/221274/14−863/8--3/293/30--4/1340,529 (27%)NY3/231234/18−1813/8--3/273/28--4/17168,884 (48%)PA4/1−154/20−213/8--4/24/2--4/1913,086 (21%)IL3/22505/1−303/8--4/114/12--4/30−12,113 (−12%)LA3/24−185/1−23/8--4/114/12--4/301122 (3.2%)MD3/31234/18123/8--4/24/3--4/17−8546 (−20%)[^1][^2][^3]

2. Methods {#s0010}
==========

2.1. Statistical analysis {#s0015}
-------------------------

Statistical analysis was performed for the data of cumulative infections and daily new infections during each period using linear regression. The significance of the sub-exponential growth and subsequent linearity in the cumulative infections after stay-at-home orders for all fifteen states is reflected by the high correlation coefficients (R^2^ ranging from 0.935 to 0.995 for the sub-exponential growth and from 0.986 to 0.999 for the linear growth). While the R^2^ values in the daily new infections are low because of large fluctuations in the data, the slope of the regression reflects an upward (positive) or a downward (negative) trend in the data.

2.2. Estimation of the basic reproduction rate (*R*~0~) {#s0020}
-------------------------------------------------------

The cumulative confirmed cases (*N*) during the initial sub-exponential period (March 8 to April 12) is expressed as,$$N = N_{0}R_{0}^{t/\tau}$$where *N* ~0~ is the initial confirmed cases, *t* is time in day, and *τ* is the serial interval for COVID-19, which is (3.96 ± 0.43) days ([@bb0035]). The number of removed infections is small during the initial period. In the logarithmic plot (see [Fig. 2](#f0010){ref-type="fig"}), this equation is expressed as:$$\log_{10}N = \log_{10}N_{0} + \frac{\log_{10}R_{0}}{\tau}t$$

The basic reproduction rate (*R* ~0~) is calculated from,$$R_{0} = 10^{S \cdot \tau}$$where *S* (d^-1^) is the slope of the linear regression in [Fig. 2](#f0010){ref-type="fig"}.

2.3. Definition of mandated face covering {#s0025}
-----------------------------------------

The definitions of mandated face covering are summarized in Supplementary Table 1, with varying contents among the nine states with this measure. For example, New York required all citizens to wear a mask or a face covering in public and in situations where social distancing cannot be maintained. On the other hand, Louisiana required that all employees of a business who have contact with the public must wear a mask.

2.4. Projection of the difference in the total infections by face covering {#s0030}
--------------------------------------------------------------------------

Projection of the pandemic trend without face covering was performed by establishing the linear correlation between the total confirmed cases (*y*) and date (*x*) prior to implementing this measure for each state, with the onset date as *x* = 0. We considered the data ranging from 15 to 30 days prior to implementing mandated face covering, dependent on the regression to achieve the highest correlation coefficients. The derived regression was used for the projections, considering the high correlation coefficients for the data prior to the onset of mandated face covering.

2.5. Data sources {#s0035}
-----------------

The COVID-19 confirmed cases for CA, FL, GA, OH, TX, VA, CT, MA, MI, NJ, NY, PA, IL, LA, and MD, respectively, were recorded from California Department of Public Health (<https://www.cdph.ca.gov/Programs/CID/DCDC/pages/immunization/ncov2019.aspx#COVID-19%20by%20the%20Numbers>), Florida Department of Health (<https://floridahealthcovid19.gov/#latest-stats>), Georgia Department of Public Health (<https://dph.georgia.gov/covid-19-daily-status-report>), Ohio Department of Health (<https://coronavirus.ohio.gov/wps/portal/gov/covid-19/dashboards/overview>), Texas Department of State Health Services (<https://dshs.texas.gov/coronavirus/>), Virginia Health Department (<https://www.vdh.virginia.gov/coronavirus/>), Connecticut government (<https://data.ct.gov/stories/s/COVID-19-data/wa3g-tfvc/>), Massachusetts Department of Public Health (<https://www.mass.gov/info-details/covid-19-response-reporting>), US CDC COVID Data Tracker (<https://www.cdc.gov/covid-data-tracker/#trends>), US CDC COVID Data Tracker (<https://www.cdc.gov/covid-data-tracker/#trends>), New York State Department of Health (<https://covid19tracker.health.ny.gov/views/NYS-COVID19-Tracker/NYSDOHCOVID-19Tracker-Map?%3Aembed=yes&%3Atoolbar=no&%3Atabs=n>), Pennsylvania Department of Health (<https://www.health.pa.gov/topics/disease/coronavirus/Pages/Coronavirus.aspx>), Illinois Department of Health (<https://www.dph.illinois.gov/covid19/covid19-statistics>), Louisiana Department of Health (<http://ldh.la.gov/Coronavirus/>), and Maryland Department of Health (<https://coronavirus.maryland.gov/>) daily at 6 pm ET.

3. Results {#s0040}
==========

3.1. Two distinct growth stages in total confirmed infections {#s0045}
-------------------------------------------------------------

The initial outbreak in the fifteen U.S. states exhibits a sub-exponential growth in the number of total confirmed infections ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"} ), which is characteristic of the COVID-19 pandemic worldwide ([@bb0070]; [@bb0090]; [@bb0105]; [@bb0195]). This distinct sub-exponential increase lasted over a period of two to four weeks, i.e., from March 15 to April 12 ([Table 1](#t0005){ref-type="table"}). The onset of the sub-exponential growth coincided with the issuing of the federal guidelines for social distancing on March 16 ([@bb0165]). In addition, all fifteen states implemented stay-at-home orders during the initial outbreak between March 19 and April 3, which also overlapped with the period of the sub-exponential growth.Fig. 1Cumulative confirmed COVID-19 cases in the top-fifteen infected states of the U.S.; (a-f) For states without mandated face covering, a -- California (CA), b -- Florida (FL), c- Georgia (GA), d -- Ohio (OH), e -- Texas (TX), and f -- Virginia (VA), (g-o) for states with mandated face covering, g -- Connecticut (CT), h -- Massachusetts (MA), i -- Michigan (MI), j -- New Jersey (NJ), k -- New York (NY), l -- Pennsylvania (PA), m -- Illinois (IL), n -- Louisiana (LA), and o -- Maryland (MD). The vertical green and red dashed lines label the onsets for stay-at-home orders and mandated face covering, respectively. For comparison, guidelines for social distancing were issued by the federal government on March 16, 2020. The solid green line denotes linear regression through the data, and the dotted green line denotes projection of infections without face covering based on linear regression for the data prior to the onset of mandated face covering. The red shade (g-o) represents 95% confidence interval for the projection.Fig. 1Fig. 2Initial sub-exponential growth in the total infections; (a-f) For states without mandated face covering, a -- CA, b --FL, c -- GA, d -- OH, e --TX, and f --VA, (g-o) for states with mandated face covering, g -- CT, h -- MA, i -- MI, j -- NJ, k -- NY, l -- PA, m -- IL, n -- LA, and o -- MD. The vertical grey and green dashed lines label the beginning of social distancing and stay-at-home orders, respectively.Fig. 2

Another key feature in the total infection curve is reflected by a remarkable linearity immediately following the initial sub-exponential growth ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"} ). The onsets of the linear growth of the total infections are between 0 and 20 days after the implementation of stay-at-home orders among the fifteen states. This linearity in the infection curve represents a dynamic equilibrium between transmission and mitigation measures. For the six states without implementing mandated face covering, the linearity extends one to two months until the end of our analysis period (May 18) ([Figs. 1](#f0005){ref-type="fig"}a--f and [3](#f0015){ref-type="fig"}a--f). For example, the number of the total infections increases linearly from early April to May 18 for the states without mandated face covering, with the correlation coefficients ranging from 0.991 to 0.998. Nine states subsequently mandated face covering during the period of April 14 to May 6, and this implementation occurred 18 to 43 days later than those of the stay-at-home orders. For seven states with mandated face covering, deviation from the linearity and curve flattening appear after the onset of mandated face covering ([Fig. 1](#f0005){ref-type="fig"}g--l, and n). Significant curve flattening is most evident in New York and New Jersey, occurring shortly after implementing this measure. Only two exceptions (Illinois and Maryland) show an unexpected upward trend in the number of total infections after mandated face covering ([Fig. 1](#f0005){ref-type="fig"}m and o).Fig. 3Linear increase in the total infections following the initial sub-exponential growth; (a-f) For states without mandated face covering, a -- CA, b --FL, c -- GA, d -- OH, e --TX, and f --VA, (g-o) for states with mandated face covering, g -- CT, h -- MA, i -- MI, j -- NJ, k -- NY, l -- PA, m -- IL, n -- LA, and o -- MD. The dates cover the range from the end of the sub-exponential growth period (in [Fig. 2](#f0010){ref-type="fig"}) to 18 May for a-f or to the onset of mandated face covering for g-o.Fig. 3

3.2. Projection of the total infections prevented with face covering {#s0050}
--------------------------------------------------------------------

We assessed the effects of face covering on the numbers of total infections by calculating the difference between projected and reported numbers in the total infections. This estimation is justifiable considering the high correlation coefficients (R^2^ from 0.986 to 0.999) ([Fig. 3](#f0015){ref-type="fig"}g-o). The projection yields a range of total infections prevented by face covering for the nine states, with the two largest differences of \~168,000 (48%) in New York and \~41,000 (27%) in New Jersey (see [Table 1](#t0005){ref-type="table"}). Overall, the total number of prevented infections with this measure is estimated to reach \~252,000 on May 18 in the seven states ([Table 1](#t0005){ref-type="table"}), which is equivalent to \~17% of the total infections in the nation. For Illinois and Maryland, however, the projected values are lower than the reported numbers, by about 12% and 20%, respectively.

3.3. Trends in daily new cases {#s0055}
------------------------------

We analyzed the trend in the daily new cases by comparing the slopes of the linear regression during two periods of the pandemic, which start after stay-at-home orders and mandated face covering. While the number in the daily new cases is highly fluctuating, the slopes of the linear regression ([Table 1](#t0005){ref-type="table"}) provide an indication of the pandemic trend. The effects of face covering on curbing COVID-19 are also evident from the evolution in the daily new cases ([Fig. 4](#f0020){ref-type="fig"} ). Comparison between states with and without mandated face covering unravels distinct trends. Eleven states exhibit upward trends in the daily new infections after the stay-at-home measures, as reflected by the positive slopes of the linear regression ([Fig. 4](#f0020){ref-type="fig"} and [Table 1](#t0005){ref-type="table"}). Four states defying this upward trend are Florida ([Fig. 4](#f0020){ref-type="fig"}b), Georgia ([Fig. 4](#f0020){ref-type="fig"}c), Pennsylvania ([Fig. 4](#f0020){ref-type="fig"}l), and Louisiana ([Fig. 4](#f0020){ref-type="fig"}n) with the largest spikes in the daily new cases between March 30 and April 8, which are likely attributed to spring-break mass gatherings prior to the stay-at-home orders. For California, Ohio, Texas, and Virginia without mandated face covering ([Fig. 4](#f0020){ref-type="fig"}a, d, e, and f), the increasing trend in the daily new cases persists throughout our analysis period. Six states with mandated face covering exhibit a reversed downward trend (i.e., from a positive to a negative slope for the linear regression), and two states exhibits a slowing trend (i.e., smaller slopes of the linear regression). Only Louisiana exhibits a downward trend after the stay-at-home and an increasing trend after face covering, which is explainable by spring-break mass gatherings.Fig. 4Trends in the daily new infections; (a-f) For states without mandated face covering, a -- CA, b --FL, c -- GA, d -- OH, e --TX, and f --VA, (g-o) for states with mandated face covering, g -- CT, h -- MA, i -- MI, j -- NJ, k -- NY, l -- PA, m -- IL, n -- LA, and o -- MD. The vertical green and red dashed lines label the onsets for stay-at-home orders and mandated face covering, respectively, and the solid green and red lines represent linear regression through the data.Fig. 4

4. Discussions {#s0060}
==============

The distinct trends of the COVID-19 pandemic in the U.S. ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}) are explainable by the responsiveness of the mitigation measures ([Fig. 5](#f0025){ref-type="fig"} ). It has been suggested that a chaotic system such as COVID-19 is fundamentally unpredictable and understanding and modeling of the pandemics trends require accurate representation of the large-scale behaviors ([@bb0145]). The important first-order processes for COVID-19 include the transmission (contact versus airborne) for SARS-CoV-2, intervention (social distancing, stay-at-home, and mandated face-covering), and the interaction between transmission and intervention.Fig. 5Transmission and intervention of COVID-19 in the U.S.; The boxes denote mitigation measures, and the circles depict the disease evolution. Transmission starts from viral shedding by asymptomatic and symptomatic carriers and occurs via the contact and airborne routes. Social distancing, in conjunction with hand sanitizing, minimizes contact transmission, rendering airborne transmission as the most likely route. The remnants after the combined social distancing and face covering (dashed line) account for possible virus transmission due to circumstances when excising the measure is not possible or the measure is disobeyed and/or due to imperfection of the measure. The combined face covering and social distancing measures with rapid and extensive testing as well as contact tracing is key to curbing the COVID-19 pandemic.Fig. 5

Social distancing, in conjunction with hand sanitizing, minimizes contact transmission but does not prevent airborne transmission. Compared to social distancing, the stay-at-home measure in principle limits both contact and airborne exposures. However, there exist many exceptions to the stay-at-home measure, including essential activities such as shopping for food and groceries and providing crucial services. These exceptions render airborne transmission as the most likely route to drive the disease spreading, when social distancing and hand-hygiene are still effective. In contrast, face covering prevents airborne transmission by blocking viral shedding and inhalation of virus-bearing aerosols as well as contact transmission by blocking viral shedding of droplets ([@bb0195]). The combined face-covering, social distancing, and stay-at-home measures offer the maximal protections against contact and airborne exposures. Also, there exist plausible remnants of the mitigation measures, which arise from circumstances when the practices are not possible or are disobeyed and/or imperfection of the measures ([@bb0195]). In addition, other second-order factors likely impact the pandemic trends, including the incubation period required from exposure to SARS-CoV-2 to development of symptoms, testing conducted, and uncertainties in data reporting. The incubation period has been widely documented from epidemiological studies ([@bb0045]; [@bb0080]; [@bb0090]).

The changes in the total infection rate (defined as $R_{N} = \frac{\mathit{dN}}{\mathit{dt}}$, where *N* is the number of the total confirmed infections), is regulated by several forcing terms,$$\frac{\mathit{dR}_{N}}{\mathit{dt}} = \sum\limits_{i = 1}^{2}T_{i} - \sum\limits_{j = 1}^{3}I_{j} + \sum\limits_{k = 1}^{n}O_{k}$$where *T* ~*i*~ is the transmission related to the contact (*i* = 1) and airborne (*i* = 2) routes, *I* ~*j*~ is intervention (*j* = 1 for social distancing, *j* = 2 for stay-at-home order, and *j* = 3 for mandated face covering), and *O* ~*k*~ denotes other second-order processes. The examples for *O* ~*k*~ include remnants of intervention measures, citizens\' actions prior to mandated measures, and variations in testing and data reporting.

For the initial sub-exponential period in the absence of intervention and secondary forcing, the change in the infection rate is expressed as,$$\frac{\mathit{dR}_{N}}{\mathit{dt}} = \sum\limits_{i = 1}^{2}T_{i} > 0$$

The Eq. [(2)](#fo0025){ref-type="disp-formula"} is conventionally transformed to the following form, in which the infection rate is proportional to the number of the total confirmed cases,$$\frac{\mathit{dN}}{\mathit{dt}} = N\beta\ \text{or}\ \frac{dR_{N}}{\mathit{dt}} = N\beta^{2}$$

where *β* is the estimated number of people that an infected person infects per day ($\beta = \frac{\ln R_{0}}{\tau}$). For the fifteen states, the slope of the linear regression (*S*) in Fig. 2 is equal to 0.11 ± 0.02 d^-1^. The average value of *R* ~0~ is estimated to be 2.8 ± 0.8, and the average value of *β* is calculated to be 0.26 ± 0.10 d^-1^ for the initial sub-exponential period, consistent with other previous studies ([@bb0070]; [@bb0090]; [@bb0105]).

The containment of the initial sub-exponential growth and subsequent conversion to the linear growth in the total infections during the early outbreak are attributable to social distancing and stay-at-home measures, because of reduced contact transmission (*T* ~*1*~). In addition, the duration of two to five weeks for the sub-exponential growth is relevant to the timing for implementation of social distancing and stay-at-home measures, the incubation period required from exposure to SARS-CoV-2 to development of symptoms, testing conducted, and data reporting for the COVID-19 confirmed cases.

Although the combined social distancing (in conjunction with hand sanitizing) and stay-at-home measures reduce contact transmission (*T* ~*1*~), they are ineffective in protecting against airborne transmission (*T* ~*2*~), as reflected by the linear growth in the total infection curve after implementing social distancing/stay-at-home measures ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}). Specifically, the exceptions to the stay-at-home measure, such as shopping for food and groceries and providing crucial services, render airborne transmission as the only viable route for the disease spreading, when social distancing and hand-hygiene are exercised. Hence, the linear growth in the total infection curve is primarily driven by airborne transmission (*T* ~*2*~). The linearity in the total infection curve after social distancing/stay-at-home measures is regulated by the dynamic equilibrium between the first-order airborne transmission and intervention as well as the combined second-order effects, including face covering prior to and/or without the mandated measure. The change in the infection rate after implementation of social distancing/stay-at-home orders is $\frac{\mathit{dR}_{N}}{\mathit{dt}} = 0$, corresponding to an overall canceling effect among the forcing terms. After implementing the social distancing/stay-at-home measures, airborne transmission (*T* ~*2*~) remains as the first-order process, while contact transmission (*T* ~*1*~) is reduced to a second-order process (remnant).

Recent measurements have identified SARS-CoV-2 RNA on aerosols in Wuhan\'s hospitals ([@bb0095]) and in Northern Italy ([@bb0140]), indicating the likelihood for the airborne route. The high efficiency of airborne transmission of SARS-CoV-2 is explained by several factors. Human inhalation of respiratory aerosols leads to direct and deep deposition into the respiratory tract ([@bb0135]; [@bb0185]). Also, virus-laden aerosols have great mobility and sufficiently long surviving-time for dispersion in air ([@bb0095]; [@bb0135]; [@bb0190]). In addition, nascent micron-size aerosols produced from viral shedding of asymptomatic carriers have the potential of containing many viruses ([@bb0055]; [@bb0195]). Furthermore, airborne transmission likely occurs more efficiently indoors than outdoors, because of less ventilation and dilution of respiratory aerosols indoors ([@bb0195]).

The subsequent implementation of mandated face covering disrupts the dynamic equilibrium between airborne transmission and social distancing/stay-at-home measures. The effects of face covering on reducing both contact and airborne transmissions result in an overall negative forcing term, i.e., $\frac{\mathit{dR}_{N}}{\mathit{dt}} < 0$, explaining the departure from the linearity and curve flattening in most states with mandated face covering ([Fig. 1](#f0005){ref-type="fig"}). Hence, the combined social distancing/stay-at-home measures and face covering provide additional prevention against airborne transmission ([Fig. 5](#f0025){ref-type="fig"}). The onset of the curve flattening is relevant to the timing of implementation of mandated face covering, the incubation period, testing conducted, and data reporting for COVID-19. In addition, the second-order effect of face covering among citizens prior to the mandated measure also exerts an impact on curve flattening, likely explaining the earlier onset in New York. Advice of using face masks was made on April 3 by the U.S. Centers for Disease Control and Prevention (CDC) and on April 6 by the World Health Organization (WHO) ([@bb0165]; [@bb0180]). Those various factors jointly explain the differences in the onsets of the curve flattening among the seven states. The continuous increase in the total confirmed cases after face covering is attributed to the remnants of the mitigation measures as well as inadequate testing, lacking contact tracing, and asymptomatic transmission. Also, the timing and sequence in implementing the mitigation measures exert distinct outcomes on the pandemic ([@bb0195]). The implementation of mandated face covering was delayed by 18--43 days than those of the stay-at-home orders, allowing an extended period for uninterrupted airborne transmission to spread the disease.

The uncertainty in assessing the effectiveness of face covering is relevant to several factors, including the remnants of this measure and other second-order effects. For example, the curve flattening in the total infections is most pronounced in New York and New Jersey, likely due to strict enforcement of this measure after both emerging as the most infected states of COVID-19 in the nation. In addition, variations in the number of COVID-19 testing conducted, data reporting, and mass gatherings also contribute to the anomalies of the pandemic trends, such as the large spikes in Florida, Georgia, Pennsylvania, and Louisiana in early April ([Fig. 4](#f0020){ref-type="fig"}). Also, the upward trend in Illinois after mandated face covering is likely related to reported mass gathering of house parties (with more than 1000 people) on April 25 and protests around May 1. For Maryland, the upward trend is likely related to reported gathering of protests demanding reopening the economy on April 18 as well as obtaining 500,000 coronavirus tests from South Korea on April 20.

Under loosened mitigation measures, both contact and airborne transmission routes are re-invigorated, and the reduced mitigation measures result in an overall positive effect among the forcing terms. Hence, the change in the infection rate is $\frac{\mathit{dR}_{N}}{\mathit{dt}} > 0$ under relaxed social distancing, stay-at-home, and face-covering measures, leading to an upward trend. This scenario likely corresponds to those in Illinois and Maryland after the onset of mandated face covering and to those in Texas and Florida after reopening the economy on May 1 and May 4, respectively. Large spikes in the daily new cases are evident after re-opening for both Texas and Florida ([Fig. 4](#f0020){ref-type="fig"}b and e).

Notably, the uncertainties of face covering in protecting inter-human transmission, which have been emphasized by the WHO ([@bb0180]), have resulted in intensive debates on wearing face masks to prevent inter-human transmission during the pandemic ([@bb0065]; [@bb0025]) and inconsistent recommendations by U.S. CDC and WHO ([@bb0165]; [@bb0180]). Evidence for the effectiveness of face covering has been recently recognized, showing reduced emissions of respiratory droplets and aerosols when worn by infected individuals ([@bb9001]) and prevented inter-human transmission ([@bb0060]; [@bb0175]).

The extent of the COVID-19 pandemic is significantly larger than those of other recent outbreaks caused by respiratory viruses, including the 2002/2003 SARS-CoV-1 and the Middle East Respiratory Syndrome coronavirus (MERS-CoV) ([@bb0010]; [@bb0050]; [@bb0100]; [@bb0115]). On the other hand, available experimental evidence indicated comparable survival and stability of SARS-CoV-2 on surfaces and aerosols to those of the analogous coronavirus SARS-CoV-1 and MERS-CoV ([@bb0020]; [@bb0125]; [@bb0030]). The severity and epidemiological characteristics for the COVID-19 pandemic are likely attributed to the unique viral shedding for SARS-CoV-2, particularly from asymptomatic transmission ([@bb0095]).

There exist many first-order (*T* ~*i*~ and *I~j~*) and second-order (*O~k~*) processes that regulate the transmission and intervention, posing enormous challenges for modeling the pandemic trends ([@bb0145]; [@bb0195]). While detailed modeling for the COVID-19 pandemic trend is beyond the scope of our work, the framework developed in our study provides the guidance to understand and model the COVID-19 pandemic, by emphasizing the first-order processes for viral transmission mechanisms, interventions, and their interactions. Specifically, our approach captures and represents the essential first-order processes, i.e., the transmission routes of SARS-CoV-2 (contact vs airborne transmission), the interventions (social distancing/stay-at-home and mandated face-covering), and the interaction between transmission routes and interventions. Furthermore, our work explains the pandemic trend at multiple locations and provides insight to development of intervention policies to constrain the spread of COVID-19 pandemic (Supplementary Fig. 1).

More broadly, this topic is relevant to bioaerosols -- a research field that has a long-lasting history ([@bb0040]; [@bb0015]), when mold spores were detected in air by Charles Darwin in 1833. A variety of pathogenic microorganisms exists in air, including bacteria, fungi, viruses, and their derivatives. Several facts likely regulate the physicochemical properties of bioaerosols that determine their fate, transformation, and transport in open and confined spaces, including growth by condensation/partitioning/multiphase reactions, coagulation, and removal by wet and dry deposition ([@bb9002]). Also, airborne viral transmission is dependent on air conditions, i.e., temperature, humidity, and solar radiation, which vary considerably between open and confined spaces. While the atmospheric conditions are significantly different during the period of March 1 to May 18 and among the fifteen states, indoor conditions are typically less variable ([@bb0170]).

5. Summary and conclusions {#s0065}
==========================

In this study, we analyzed the cumulative confirmed infections and daily new infections from March 1 to May 18, 2020 for the top-fifteen states heavily plagued in the U.S. During this period, unique intervention measures, such as social distancing, stay-at-home, and mandated face covering, were undertaken, and our results illustrate that these measures have contributed to the distinct trends in the total infections as well as the daily new infections.

Our analysis reveals that there exist an initial sub-exponential (an overall positive forcing term in eq. 1) and a subsequent linear growth in the total confirmed infections for all fifteen states. The linearity in the total confirmed infections emerges between 0 and 20 days after implementing stay-at-home orders and extends one to two months for the six states without mandated face covering or to the onset of mandated face covering orders for nine states with this measure. This remarkable linearity reflects a dynamic equilibrium among the first-order forcing terms, i.e., transmission, intervention, and the interaction between transmission and intervention as well as combined (addition or canceling) second-order effects (eq. [1](#fo0020){ref-type="disp-formula"}). Deviation from this linearity and curve flattening occur after the onset of mandated face covering for seven states. For the daily new confirmed cases, eleven states exhibit persistent upward trends after social distancing/stay-at-home orders, while eight states show reversed downward or slowing trends after implementing mandated face covering. We estimate that the number of the total infections prevented by face covering reaches \~252,000 on May 18 in seven states, which is equivalent to \~17% of the total infections in the nation.

The inadequacy of social distancing and stay-at-home measures alone in preventing inter-human transmission is illustrated by the continuous linear growth in the total infection curve after implementing these measures ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}). In particular, this linearity persists one to two months for the six states without mandated face covering. The combined social distancing, hand sanitizing, and stay-at-home measures reduce contact transmission, but are ineffective in protecting airborne transmission without face covering. The linear growth in the total infection curve after implementing the social distancing/stay-at-home measures is mainly driven by airborne transmission. The dominant role of airborne transmission in spreading the COVID-19 pandemic is jointly explainable by several facts relevant to virus-laden aerosols, i.e., direct and deep deposition into the respiratory tract by inhalation, great mobility and sufficiently long surviving-time for dispersion in air, and high viral contents from asymptomatic carriers ([@bb0195]). The subsequent implementation of mandated face covering disrupts the dynamic equilibrium between airborne transmission and social distancing/stay-at-home measures. The addition of face covering results in an overall negative forcing term (Eq. [(1)](#fo0020){ref-type="disp-formula"}), leading to the departure from the linearity and curve flattening in most states with mandated face covering. Under relaxed social distancing, stay-at-home, and face-covering measures, the overall effect among the forcing terms becomes positive, leading to an upward pandemic trend after reopening the economy. Future studies are necessary to assess the effects of relaxed mitigation measures on the second wave of the pandemic in the U.S.

In summary, our results corroborate the importance of airborne transmission in spreading the disease and face covering in preventing inter-human transmission ([@bb0195]). As only one third of the U.S. states implemented mandated face covering by May 18 (Supplementary Fig. 2), our findings highlight the necessity of face covering in curbing the spread of the disease. In particular, universal face covering, in conjunction with social distancing and hand hygiene, provides the maximal protection against inter-human transmission and the combination of these intervention measures with rapid and extensive testing as well as contact tracing represents the key in containing the COVID-19 pandemic ([Fig. 5](#f0025){ref-type="fig"}).
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[^1]: Orders that took effect after 5 pm are considered to start from the next day.

[^2]: *S*~1~denotes the slope of linear regression for the daily cases after stay-at-home order (for states without mandated face covering) or between stay-at-home order and mandated face covering, and *S*~2~ denotes the slope of linear regression for the daily cases after mandated face covering

[^3]: The number of the total infections prevented by face covering is estimated from the difference on 18 May between the reported cases and the projected cases based on the linear regression using the data prior to implementing mandated face covering. The percentage is relative to the reported total cases on 18 May.
